
AD-AO91 540 NAVAL RESEARCH LAB WASHINGTON DC F/G 20/3
MAGNETO-OPTIC MATERIALS FOR BIASING RING LASER GYROS. REPORT NU'-ETC(U)
SEP AS J J KREBS. B V MAISCH

UNCLASSIFIED NRL-MR-4364 NLIEEEEEEEEEEE/
E~illllEElllEI
IIIIIIIIIIIIIu
llllllllllhl
IIIIIIIIIIIIII
lEIIIILIP





SECURITY CLAkSSIFICATION OF T141S PAGE (Man Onto Entered)

REPORT DOCUMENTATION PAGE 53,olzCWLT Ito
1. EPOR MUM1101 2. GOVT ACCESSION XO 3. RECIPI T $CATALOG 16NMBER

* t ~~NRL Memorandum Report 4364 -/~ 9 5~
4. TITLE (and subile S. TYPE or REPORT a PESOG COvEREG9

*MAGNETO-OPTIC MATERIALS FOR BIASING RING LASER Interim report on a continuing
GYROS - REPORT NO. 3 (COMPUTER MODEL FOR NRL problem
EVALUATING SCATTERING FROM MULTI-LAYER DIELECTRIC 6. PEnRORmiNG ORG. REPORT muMBER
THIN FILM STRUCTURES CONTAININGAMAGNETICLAYER) _____________

7. AUTHOR(s) I. CONTRACT 0R GRANT NUMAUER(sJ

J. J. Krebs and W. G. Maisch

S. PERFORMING ORGANIZATION NAME ANC AGGRESS t0. PROGRAM ELEMENT~ PROET TSK
AREA a WORK UNIT NUMOUERS T

Naval Research Laboratory 6272N;,WF21-234
Washington, DC 210375 S2-0821-0

It. CONTROLLING OFFICE NAMIE AND ADDRESS 12. REPORT DATE

Department of the Navy September 30, 1980
Naval Air Systems Command 13. NUMBER OF PAGES

Washington DC 20361 74_____________

1.MONITORING AGECY H AMC 0 AOORESS(11 differnt ift CetOMM011111 Office) IS. SECURITY CLASS. (Of this sepere)

UNCLASSIFIED
*IS& OECLASSIPICATION/ DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of tis Report)

* Approved for public release; distribution unlimited. %.-\-

17. DISTRIBUTIOM STATEMENT (of the seract entered in Block 20. ft diffeet from R~j .. tN

IS. SUPPLEMENTARY MOTES

This program is supported by NAVAIRSYSCOM through ADPO-35 on Contract
NOOO I9-80-WR-0 lOSS.

It. KEY WORDS fContlnw. on ,oereso side it ROc06eWy mnd Identfy by block numnb")

I ~ LPS Vol-4
Laser gyros
Magneto-optical materials

20. AQS5-%AcT (Contnue on revese side It neessar mnd Identifr y boc Weeknmber)

-77A computer model for evaluating the optical and magneto-optical scattering from a multilayer
magnetic-dielectric thin film structure is described. The model handles the Faraday effect in the
magnetic layer as well as all three magnetic Kerr effects (transverse, polar, and longitudinal) at its

interfaces. This model should serve as a useful design tool for magnetic bias ring laser gyro mirrors
and typical results are shown for this application.

DD I ANoT 1473 EDITON OF M OY 49 IS OGSeLETC

S/ N to .014.6601SECURITY CLASSIFICATION OF THIS8 PAiG (Sft e aee 0m)



CONTENTS

I. INTRODUCTION AND OVERVIEW................................................ I

11. MATHEMATICAL BASIS FOR THE MODEL ....................................... 4

III. THE COMPUTER MODEL ............................................................ 14

IIV- TYPICAL MULTILAYER CALCULATIONS ........................................ 20

APPENDIX............................................................................... 28

REFERENCES ........................................................................... 44

FIGURES................................................................................. 46

c~-A

n-,ac,3

pu o /o



MAGNETO-OPTIC MATERIALS FOR BIASING
RING LASER GYROS - REPORT NO. 3

(COMPUTER MODEL FOR EVALUATING SCATTERING
FROM MULTI-LAYER DIELECTRIC THIN FILM STRUCTURES

CONTAINING A MAGNETIC LAYER)

I. INTRODUCTION AND OVERVIEW

The counterpropagahing beams in a ring laser can be employed to sense physical rotation and

hence form the basis for a ring laser gyroscope (RLG) [1]. Via the Sagnac effect, the two similar coun-

terpropagating beams oscillate at slightly different frequencies with the difference frequency Av given

by

by - 4Afl/LX (1)

where A is the enclosed area and L the optical length of the RLG, 0 is the rotation rate and X, the

laser optical wavelength. When fl becomes too small the two beams can lock at a common frequency

with consequent loss of rate information. This lock-in problem arises from optical backscatter which

couples the beams. As a result, it is important to keep the optical path as free of additional elements as

possible.

* Because of their non-reciprocal propagation properties, magneto-optical (M-0) elements can

introduce a controllable frequency difference or magnetic bias Avg and thus avoid the lock-in problem

in an elegant manner. The magneto-optical effects which are linear in the magnetization of the material

and hence are useful for this application are: (1) the Faraday effect in transmission and (2) the mag-

netic Kerr effect in reflection. The Kerr effect has three subcases: transverse, polar and longitudinal,

depending on how the magnetization is aligned with respect to the plane of the sample and the plane of

incidence of the light beams. These M- 0 effects are discussed in Report No. 1 [21 of this series where

it is shown that they each introduce a differential phase shift 44' between properly chosen, similar

counterpropagating beams. The magnetic bias induced is given by [11

Manuscript submitted August 25. 1910.
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KREBS AND MAISCH

Avb -, (A4)/2r)O/L (2)

where , b is in radians and c is the velocity of light. A review article on the applications of magneto-

optics in ring laser gyroscopes has recently been prepared [31 and provides a concise unified treatment

of the subject.

It is advantageous to use the Kerr M-O effects for achieving magnetic bias because then the

M-O element can be used as one of the mirrors which define the RLG cavity. This means that it is

not necessary to place any additional elements in the beam as would be the case if one used the Faraday

effect. As a result the problems related with scattering from extra surfaces are eliminated.

The reflectivity of typical magnetic metal films is only in the range 0.4-0.7 for the He-Ne

wavelengths 0.63 gm and 1.15 jm used in RLGs. These low reflectivities are inconsistent with the

optical loss requirements of RLGs (<5% at 1.15 1im and 4 1-2% at 0.63 1Am) and with the capabilities

of multilayer dielectric (MLD) mirrors which have total optical losses of only 0.02% for laser quality

mirrors. In order to reduce the loss associated with the M-O mirror one can overcoat the opaque

metallic magnetic layer with an MLD stack which is tuned to be highly reflecting at the wavelength and

angle of incidence used. Similarly, if a transparent magnetic material is used, it can be incorporated

into an MLD stack, again to achieve adequate reflectivity. RLG mirrors based on both opaque metallic

* i and transparent garnet magnetic films have been discussed by workers at Sperry [4,5].

The above considerations indicate that it is highly desirable to have a unified method of evaluating

the important optical and magneto-optical parameters which characterize a given multilayer magnetic-

dielectric thin film composite. A computer model which permits various RLG M-O multilayer mirrors

to be evaluated and compared quantitatively would be a very useful design tool. With this goal in mind

i Jwe have produced such a computer model whose characteristics. structure. and details are set forth in

the bulk of this report.
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I In Chapter II the mathematical basis of the method, which is the scattering matrix approach

developed by Hunt [61 for multilayer optical structures containing a single magnetic layer, is described.

Chapter III shows how these ideas have been incorporated into a computer model (program) which can

calculate the differential phase shift, the total reflectivity, the differential reflectivity (for similar coun-

terpropagating beams), and the mode mixing, if any, for a general multilayer structure. All three Kerr

effects (transverse, polar and longitudinal) can be handled easily by the model which also takes into

account Faraday rotation in the magnetic layer. In Chapter IV, results from calculations on several typ-

ical structures which might be used as magnetic bias mirrors in RLG applications are illustrated.

Finally, the Fortran listings of the main program and its subroutines are given in the Appendix.

The calculations given in Chapter IV indicate the superiority of mirrors based on magnetic garnets

to those based on transition metals such as iron. They also show, however, that MnBi polar Kerr mir-

rors are a viable alternative to the garnet mirrors. It appears likely that the choice will depend on the

cost and reproducibility factors in the fabrication of garnet or MnBi mirrors.

Readers may obtain Fortran versions of the computer program on their flexible disc media by con-

tacting one of the authors at the Naval Research Laboratory, phone number (202)-767-3603.

3
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II. MATHEMATICAL BASIS FOR THE MODEL

A general method of calculation is required if one is to handle a wide variety of multilayer dielec-

tric structures which contain a layer having magneto-optical properties. Fortunately, general scattering

matrix methods for evaluating the magneto-optic scattering from such structures were developed in the

late 1960's by Smith [71 and Hunt. [61 Our embodiment of the scattering matrix techniques into a corn-

puter program possessing a high degree of generality is based on Hunt's methods. In this chapter we

first outline the method in enough detail to make our computer program understandable and note an

error in Hunt's paper which is corrected in the program used here. That error, in the transverse Kerr

Fresnel coefficients 7, and t.., was pointed out to us by R.E. McClure and the correct derivation can be

found in his recent paper [8]. Finally, we write out explicit expressions for the differential phase shift,

reflectivity, differential reflectivity, and mode mixing for ring laser gyro M-0 mirrors using each of the

three Kerr effects.

In Fig. I a general thin film structure is shown. It consists of L layers each having a specified

thickness d4 and index of refraction nk. There is a single magnetic layer characterized by dM, nm and

the magneto-optical coefficient Q. Note that nu and Q are complex quantities while the other parame-

ters are real.

Let Ep*+A be the total electric vector of a right propagating p-polarized beam at the k interface, in

the k - I medium. Similarly, E-.k is the total electric vector of a left propagating s-polarized beim at

the k interface in the k - I medium. Note that the k interface separates medium k - 1 from medium

k. Then the 4 x 4 scattering matrix (Sk) which describes the effect of interface k and propagation in

the k medium obeys the following equation [61.

E;%k ;kl

- I. (S*) +k~i (3)
EP Ep+~Es. .k E.,k,+

. . . . . . . . -" " - .. ". . .. .. .. . .. .INIIIIII .. .. . . .. . . .. . . .. .. . . ..
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Hunt [61 shows if the k medium has magneto-optical properties then the front-surface scattering

matrix (SAd) is given by

(S- ?rk(tkVI7AlTk r(tk)ITk j
where rk, 7

, tk and ? are 2 x 2 matrices of Fresnel coefficients. The Fresnel matrices are defined by

kI ~k 1k -k

where the Fresnel reflection coefficients at the k interface are rk for an incident beam propagating in the

dielectric toward the magnetic medium and are - for an incident beam propagating in the magnetic

medium toward the dielectric. Note that p and s refer to the plane of polarization [see Report No. 1,

Fig. 2 and Eq. (11-6)] [2]. The tk and ?' matrices contain the corresponding transmission Fresnel

coefficients.

In Eq. (2) Tk is a propagation matrix which describes the normal phase retardation and the Fara-

day effect for a wave (E,, E,') propagating through medium k of thickness dk. Hunt, based on the

work of Robinson, [91 shows that Tk has the form [61

Tk e' cos * k Sin *tkj 6
T- sin *'k cos t k

where

4Jk - 2zrnkdk cos Ok/k (7)

and dok depends on the magneto-optical effect (transverse, longitudinal or polar) with which we are

dealing and can be found in Table II. The angle between the beam direction in medium k and the kh

interface normal is 8k. Note that Tk is the same for waves propagating in the right and left directions.

When the last layer L is opaque, or is of indefinite (but large) thickness, or if propagation effect for this

layer are otherwise not important, one can set dL - 0. This converts TL into a unit matrix and elim-

inates the propagation effects while keeping the interface effects. Since nk - n,, is complex, so is 4,0

(plus Ov and tk). This takes into account optical absorption in the magnetic medium.

5
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The Fresnel coefficients for a M-0 material in each of the M-0 modes are derived by Hunt and

we give these expressions for rk, 7,k, ti, and ? and ,k in Tables I and II. As can be seen, the Fresnel

coefficients for the k interface involve nk-t, nk, Ok-1, Ok and Q. We point out that all off-diagonal com-

ponents of rk, 7 k, tk and ' are proportional to Q (or all vanish for the transverse mode). Since I Q

< < 1, one can neglect second order terms in Q. This means, for example, that

!tP to'l- I / /toP -t tp.,ltst

( - to I "I[-2,'ltp P/PSJ (8)

where we have suppressed the superscript k.

Table I. Single-Interface Diagonal Fresnel Coefficients

Longitudinal

Element and Polar Transverse

n2c1 - nIc 2  n2cI(l + iQs/c 2) - nIc 2n2c1 + nIc2  n2cl(1 + iQs2/c2 ) + nc 2

n - n2C2  nICI - n 2 C2
rs n1C + n2C2  nc1 + n2c 2

I,, (nl/n 2)(1 + rpp) (nt/n 2)(1 + rpp)

t I+ r's l+rs

n2c1 - nIc 2(1 + iQsJc2 )p -% -P n2cI + nIc 2(1 - iQs2 /c2 )

-7. -r., -r.

t' (n/n)(1 - rpp) (n2/n 1)( + )

t,, l r,,l-r.

4< 2 rd2n2c,/X 2ird2 n2c2/X

i n - refractive indices of the dielectric and magnetic media, respec-
tively.

cl, c2 - direction cosines for the angle of refraction in the dielectric and
magnetic media, respectively.
s2 - sine of the refraction angle in the magnetic medium.

6
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TABLE II. Single-Interface Off-Diagonal Fresnel Coefficients

Element Polar Longitudinal

rI, "4 Qt,,s 1/(c1s2) i Qt,,ts,/(ctc 2)

rps rvp -rv

tp, (nt/n 2)r,,(1 - 2ctc2lt) (nt/n 2)r,(1 + 2cjc 2/tpp)

_FV rp r-'P/ tv -p rVr1 tpp

PS r. r5 p/t., r.

9 f,, -r.,,,/t. ,.,,,

* rd 2n2Q/X ird2 n 2Q(s 2/c 2)/X

ni, n2 - refractive indices of the dielectric and magnetic media respec-
tively.
c1, c2(s1, s2) - cosine (sine) of the refraction angle in the dielectric and
magnetic media, respectively.

One can now write out explicit expressions for (SA),iOar, (SA)Ion$ and (S%.., and these are given

I in Tables Ill and IV. Note that (S poiar and (S?4)1,%0  have the same form while (SAtn, is simpler

because of the lack of mode mixing in the transverse mode. In Table III, terms of the form Q sin 4 k

have been neglected as being of order Q2. Although this approximation could be invalid for a thick

transparent M- 0 slab, we anticipate that 40 k < < 1 for practical ring laser gyro applications and hence

the approximation is valid.

1,7
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TABLE 111. Front Surface Magneto-Optical Scattering Matrix - Polar and Longitudinal Kerr Effects
: " oc/tpp ObS/tp rp c/(Q'WO) [(Rrr- t' c/tt ) - rrs/t,]/

-4s/t (V c/t (rpc + rutfs)/(tPt O) rc/(t,,Ob)

(SM) -

, 4rc/t (brvs/ft, c/(tA) -(tc + t"s)/(t't O)

-4rss/t, $r~c/t, (PPs - tc)/(rt ') c/(t.0)

(b - e*. c - cos ob. s - sin th
The superscript k (-M) has been dropped on the Fresnel coefficients as well as on 4 and v.

TABLE IV. Front Surface Magneto-Optical Scattering Matrix - Transverse Kerr Effect

(tpptp - rp,7F,)Iltpp 0 r,,l(t,(b) 0

0 Olt,, 0 r1(t,O)

(SW) - -7pA / tpp 0 1/ Q(b) 0

0 ruZ/t 0 1/(teO)

The superscript k (-M) has been dropped on the Fresnel coefficient as weil as on l

!k
In order to obtain the back-surface scattering matrix (SM I), one must reverse the roles of rk and

* tk with respect to 7 k and?. Furthermore, because of the orientation of the magnetization vector with

-1 respect to the front and back surface normals, we must make the substitutions

r(Q) - -r(-Q), " (Q) - r(-Q)

f(Q) - 7(- Q), T(Q) - t(-Q)

for the polar and transverse cases. For the longitudinal case this sign reversal does not occur and we

have

r(Q) - 7(Q), etc.

Upon making these substitutions in Tables III and IV we get the back-surface results shown in Tables V

and VT.

8
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TABLE V. Back Surface Magneto-Optical Scattering Matrix - Polar and Longitudinal Kerr Effects

0/ /7, -GOT.,,/A,,,) ,,/?.,) -1 ( pp,- C,,7w1 ,*v~ )

G4V' G,/(AP /) A17 , G) -- ,rl (A7p t) ) G"I(4)

(SM+I) .

V-F..17. aP GrpAA,,tp.) I/ 7Q.,:b) G; 7,, rpl/(A,7.., pob),

G(PrI.(Ap.,7.) OF. / t. G 7p .1 l(A p ,.7, lit*)

The superscript k(-M+1) has been dropped on the Fresnel coefficients and 6.
7- (tt -F- rv ) .  

m  Ow -_7r)

G- + 1 (Polar), G - -I (Longitudinal)

TABLE VI. Back Surface Magneto-Optical Scattering Matrix - Transverse Kerr Effect

1tP C-O)IP(-Q) - rPPC-Q)7Fu<-Q)I@I ,(-Q) 0 7P'(-Q)[t'(-QA)] 0

0 017t" 0 7"l1Q7,0)

(SM+I) -

-rPP-Q)(bIt(-Q) 0 1/[,,,(-Q)4] 0

0 0 0 1/ (-'- )

The superscript k (- M+I) has been dropped on the Fresnel coefficients and 0.

Finally, we note that if we are dealing with an interface at which both media are nonmagnetic

dielectrics, then Eq. (5) reduces to the simple form

Pkt 0 rPk,/(tPPk,&) 0
0 k/k 0 r k

(Sk)diel - rk/tk 0 l9(tkk) 0)

0/ *p/k 00 bk k /t;, 0 1/ (t k@b )

where k - e"** and the Fresnel coefficients can be obtained from Table I with Q - 0.

9
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The overall scattering matrix for the general multilayer magnetic-dielectric thin-film structure

shown in Fig. I is then

(S) - (S')(S) ... (S 4)(S 4 I) ... (SL-)(S L) (10)

in which all but (S and (SM+1) are dielectric-dielectric matrices of the form Eq. (7). Thus we have

E! L

E - (S) E,+L Q11)

The scattering matrix (S) contains all the desired information about the optical and magneto-optical

properties of the multilayer structure. One can obtain the Fresnel reflection and transmission

coefficients for the entire stack as well as the Kerr rotations Kp and K, and Faraday rotations Fp and F,

(All of these quantities, like the components of (S), are in general complex numbers.) The equations

which relate these stack Fresnel and rotation parameters to the components of (S) are derived by Hunt

(61 and are summarized in Table VII.

TABLE VII. Fresnel Coefficients for Entire Stack

RP, - (S4S13 - S14S43)/(S 33S4 - S34S43)

- (S23S 34 - S 24 S 33 )/ (S 34S 43 - S 3 3 S44)

Rps  - (S 34 S! 3 - S 14S33)/(S 34 S 43 - S 33S,4)

R asp - (S 23S44 - S24S 43)/ (S 33S44 - S 34S 43)

tan Kp - R/ Rpp tan K. - RPjR.
I

Tpp - Sd (S 33 S44 - S 34S 43)

T . - S 33/ (S 33S4 - S34S43).

Tp. - -S 34/(S 33 S" - S 34 S 4 3)

W T - -S 431 (S 33S4 - S 34S 43)

tan F -Tpl/Tpp tanF& Tp3 /T.

10
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The ring laser gyro supports counterpropagating models of the same polarization(s). The desired

optical and magneto-optical characteristics of a magnetic-dielectric multilayer structure are: 1) the

differential phase shift 40 between similar counterpropagating beams, 2) the reflectivity R of the stack

for these beams, 3) the differential reflectivity AR, 4) the figure of merit FM =_ AO/(I - R), and 5)

the mode mixing e -- ratio of the improper to the desired polarization amplitudes. Since the p and s

polarizations are eigenmodes in the transverse case, e =_ 0 for transverse M-O Kerr mirrors. We now

consider each of the M-O cases in turn.

A. Transverse Kerr Effect

1) Differential Phase shift

A4r =ArgE7(Q)) - Arg(E;-(-Q))

- Arg{Rp(Q)) - Arg{Rpp(-Q)) (14)

where Arg{X} means the argument of the complex quantity X and the Rij are the reflection Fresnel

coefficients for the entire stack (obtained from the Sjs via Table VII). We have used the fact that the

magnetization (and Q) looks reversed to the two counterpropagating p-polarized beams.

2) Reflectivity

I IR,,(O)12  tIRPi(Q) I+ IR,,(-Q)12 ) (13)

3) Differential Refleetivity

A R T= (I Rpp(Q) 12 - I Rpp(-Q) 12/1Rp(0) 12.  (14)

The calculation of FMT is obvious and 'E T 0.

B. Polar Kerr Effect

It is more natural to deal with circularly polarized beams in this case so we use the circular

Fresnel coefficients for the stack, viz. RRR , RLL, RLR and RRL. It is easy to show that these can be

expressed in terms of the R,, etc. as follows.

11
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I RRR RRL _ I (Rpp + R. -iR, + M.) (R,i,- R. + iR.++RM)I
R RLR RLL " I(Rpp - R. - iRps_ ,) (R,, + R. + A, 1 R,)[ -

Since R. = -R, and Rp. =Z R.., we see that IRRR 1, IRLLI << IRRLI, 1IRLAI, i.e., for the most part

R -. L and L - R upon reflection. However, since RR and RLL ;# 0, there is mode mixing and

induced ellipticity.

1) Differential Phase shift

410P Arg{EjIl.. - Arg(Ei}R.,,

- ArgRRL) - Arg(RLR) (16)

2) Reflectivity

IRRL(0)I
2 - IRLR(0) I

2

4 IR,,(O) - R.(0)I2  (17)

3) Differential Reflectivity

ARP- (IRLaC1 2 - IRRLI 2)/IRRL(O)IP (18)

4) Mode Mixing

1p"t - IRRR/RLR I (19a)
EPL M IRLL/RRLI. (19b)

A ring laser gyro using a polar Kerr effect M-O mirror must have an even number of mirrors in

the optical path. It then will support two pairs of counterpropagating beams, one pair right and one pair

left circularly polarized (as referenced to a fixed point in one arm of the laser). The differential phase

shifts for the RCP and LCP pairs are equal and opposite.

C. Longitudinal Kerr Effect

We have carried out a Jones matrix analysis of longitudinal M-0 Kerr effect mirrors in a ring

laser gyro system. This analysis indicates that for a three (or other odd number) mirror laser the

12
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differential phase shift would depend on Q2 rather than Q so that such a case would not be useful.

However, in a four (or other even) mirror system there are differential phase shifts linearly dependent

on Q. The approximate normal modes of such a system are orthogonal linearly polarized beams of the

form

EA Ep + E, ED Ep - E,

where the E is the electric vector. The longitudinal analysis below is therefore cast in terms of EA and

ED. The Fresnel coefficients are then

RAA RAD 1 (Rp + R + RPS + R) (R,,- R.- R,3 + R)1
RDq RODl I - 2 (R,, - R,, + RS - RP,) iS,, + R, Rs, - R,)l  (2o

Again, since R, - - R,, and Rp, "" - R5p, we get IRADI, IRDAI >> IRAAI, IRDDI and hence the

polarization essentially switches A - D and D - A at each mirror.

1) Differential Phase Shift

-&OL  Arg(RAD) - ArgIRDA) (21)

2) Reflectivity

IRAD(0)12 - IRDA (0) F

1 I (22)._ IR,,(0) - R, (0)I2  (2
4

3) Differential Reflectivity

ARL " (IRADI - IRDA 12)/IRAD(0) 2  (23)

4) Mode Mixing

ELA - IRA/IRDAI (24a)

eLD - IRDD/RADI. (24b)

The computer program is set up to actually carry out the calculations sketched above, keeping

track of which mode (transverse, polar or longitudinal) is being used and hence selecting the correct

equations to evaluate the desired quantities.

13
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11. THE COMPUTER MODEL

The basic calculation which the computer model must make is to determine the 4 x 4 scattering

matrix (S) for a multilayer magnetic-dielectric siructure of the type shown in Fig. 1. As shown by Eq.

(10) in the last chapter, this means one must evaluate the scattering matrices (S") for each interface-

layer and perform the indicated matrix mutliplication. Based on (S) one can calculate R., Rx, R , and

R for the entire M-0 structure. These are sufficient to evaluate the differential phase shift,

reflectivity, differential reflectivity and mode mixing, as well as the figure of merit, for any of the three

M-O modes which might be used in a ring laser gyro magneto-optical mirror.

The simplest form of a flow diagram representing the computer model set up in this report is

shown in Fig. 2. This carries out the calculation outlined in the last paragraph and serves to introduce

the subroutines MOIN, MODIEL, MOMPL, MOMT, MOOUT and MOPLOT. We adopted a philoso-

phy of breaking the main program MOFILM into a series of subroutines with the knowledge that

different users would have different computer facilities which might require changes in MOIN, MOOUT

and MOPLOT. Also users might wish to modify the calculation to suit their own special application.

Such changes are simplified by the modular approach used here.

The actual structure of MOFILM is somewhat more complex than indicated in Fig. 2. This is due

to two factors. The first is the need for the program to handle each of the three Kerr magneto-optical

effects. For the transverse case MOFILM uses the subroutine MOMT when calculating the front and

back surface scattering matrices for the magnetic layer. Both the polar and longitudinal cases, due to

their formal similarity, are covered by MOMPL. Hence additional branching decision points are needed

to distinguish which case is being handled and to direct the program to perform the proper calculation.

The second factor is related to the fact, that as shown in Fig. 2, MOFILM would make a single

calculation of 410, R, AR, etc. for a fixed set of input constants. For design purposes, however, it is

useful to see how these (or other) parameters vary as a function of changes in the input parameters.

14
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As a result, we have set up MOFILM to permit easy variation of anyone of the following parameters: a)

the thickness of the magnetic layer, b) the thickness of the dielectric layer immediately before or after

the magnetic layer, or c) the angle of incidence. Hence, suitable DO loops are superimposed on the

structure shown in Fig. 2.

Note that for calculations in which the thickness of one film is varied all but one of the scattering

matrices remain the same. Hence when such a case is run the program stores the product scattering

matrices for those parts of the multilayer structure before and after the varied layer. This saves consid-

erable running time in determining the effect of such a thickness variation.

We now discuss the main program and the subroutines in greater detail. Program MOFILM car-

ries out the expanded version of Fig. 2 outlined above. Consistent with the ideas given earlier, the

MOFILM main program is mainly a logical skeleton which directs the use of suitable subroutines to

make the actual calculations. Because of its heavily logical nature, particular care should be exercised

in making alternations in the main program. To aid in any such alternations, the main program has

extensive COMMENT statements to clearly define the functions being carried out. At NRL MOFILM

is run on a PDP- II computer in an interactive mode. Hence many of the TYPE statements in

MOFILM are operator promptings and should be treated as additional COMMENT information. A

print-out of MOFILM is given in the Appendix as are printouts of the subroutines used.

MOIN (NN) - This subroutine accepts all the needed input parameters and initializes the pro-

gram, i.e., selects what M-O mode is being used and what parameters (if any) are to be varied.

The inputs and their functions are:

N() - ambient index of refraction.

NF - number of layers in structure, including the substrate,
NF - 0 used for program escape.

MO - layer number of magnetic layer.
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LAMBDA - wavelength in microns.

(N, K) - complex index of refraction n - ik of the magnetic layer.

(Q1' Q2) - complex magneto-optical coefficient Q1 - iQ2 of the magnetic layer.

N(Q) - real index of the fh layers, I - 1 ..., NF.

D(I) - thickness of Ah layer in microns, I - 1, ... , NF. It is not necessary

to insert thickness values for those layers which have a

phase thickness of 7r/2 (i.e., d - X/4n cos 0)

since the program automatically assumes this. If other fixed

thicknesses for various layers are desired, they can be entered.

THETA - initial angle of incidence, in degrees.

NTH - number of THETA values.
q

DTH - increment in THETA, degrees.

L - layer number of layer whose thickness is to be varied.

MTH - number of L-layer thicknesses.

DELMD - increment in L-layer thickness, microns

NOUT - output control

NOUT - I printed output

NOUT - 2 graphic output

NOUT - 3 both outputs

NOUT - 0 return to beginning of input

NL TP controls which Kerr effect used

NLTP - -I longitudinal

NLTP - 0 transverse

NLTP- I polar

16
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NN input control

NN - 0 initial input

NN - I additional polarizations

This subroutine also calculates the sine and cosine of the angle of incidence in each layer including the

complex values in the magnetic layer.

MODIEL(J,DJ) - This subroutine calculates the dielectric-dielectric scattering matrix shown in Eq. (9)

and reports it back to the main program.

J - interface number

DJ- thickness of Jth layer - D (), in microns.

MOMPL(M, NPL, MD, D) - This subroutine calculates the magnetic-dielectric scattering matrix for

the longitudinal or polar case and reports it back to the main program. The equations used are shown

in Tables I, II, III and V.

NPL - control variable M - magnetic layer number

NPL - +1 polar MD - specifies front or back surface calculation

NPL - -1 logitudinal MD - A-I front surface

* MD- M + I back surface

• ,D - thickness of second layer, microns.

MOMT (M, MD, D) - This subroutine calculates the magnetic-dielectric scattering matrix for the

transverse case and reports it back to the main program. The equations used are shown in Table I, IV

and VI.
.9

M, MD, D - defined in MOMPL earlier

MOOUT (NENT, IN) - This subroutine calculates the multilayer Fresnel coefficients R,, R., RS

and R, as well as 101, R,, AR,, e, and the figure of merit based on the scattering matrix for the full

17
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stack. MOOUT also outputs the desired data with the necessary labels in either a printed or a plotted

format or both. To perform plotting MOOUT calls on MOPLOT. MOOUT makes use of the equations

in Table VII as well as Eqs. (10) to (12), Eqs. (13) to (17) or Eqs. (18)-(22) as appropriate.

NENT - controls entry point in MOOUT

IN - keeps track of sign of Q.

MOPLOT (NLTP, MTH, NO, LM1, DELMD) - This subroutine produces suitable plots of the vari-

I ation of output parameters such as differential phase shift, total reflectivity, differential reflectivity,

mode mixing and figure of merit as a function of the thickness of the magnetic layer or of nearby "tun-

ing" layers. It will also plot output as a function of the initial angle of incidence. Since this subroutine

makes use of local plotting subroutines which often vary from one facility to another, it will probably

require modifications or complete revision in order to operate at another facility. The subroutine listing

is given in the Appendix, however, to illustrate the functions needed.

NO - control variable NLTP, MTH, DELMD - defined earlier in MOIN

NO - 2 angle varied LMI - control variable for graph captioning

NO - 1 thickness varied LMI - 0 layer just before magnetic layer varied

, LMI - I magnetic layer varied

LMI - 3 layer just after magnetic layer varied

Certain mathematical subroutines used in MOFILM are contained in our local matrix library and

may not be available at other facilities. We define their functions here. It may be desireable to substi-

tute local variants for these.

CSCLA (SD, X, 4, 4, 0) - sets each element in the complex 4 x 4 matrix SD equal to the complex

I! number X.

CDCLA (SD, X, 4, 0) - sets each diagonal element in complex 4 x 4 matrix SD equal to the complex

number X.

18
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CMCPY (R, S, 4, 4, 0) - carries out the functions Sj - Ry for each element of the 4 x 4 complex

matrices Sand R i.e., it copies R into S.

CMPRD (R, S, T, 4, 4, 0, 0, 4) - carries out the matrix product T - R x S for the 4 x 4 complex

matrices R, Sand T

This completes our discussion of the details of program MOFILM. The printout of the main pro-

grams and each of the subroutines MOIN, MODIEL, MOMPL, MOMT, MOOUT and MOPLOT are

located in the Appendix. The above discussion in conjunction with the COMMENT statements and

some of the TYPE statemenws in MOFILM and its subroutines should make the operation of the pro-

gram fairly straightforward. However, this chapter should be read carefully in conjunction with the

Appendix to avoid the common GIGO syndrome.

I
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IV. TYPICAL MULTILAYER CALCULATIONS

To illustrate the capabilities of program MOFILM, in this chapter we carry out a number of calcu-

lations of the magneto-optical and optical characteristics of several magnetic-dielectric multilayer thin

film structures. In particular, typical structures of the type which might be used as magnetic bias mir-

rors in ring laser gyros are emphasized. The results of the calculations show the usefulness of the pro-

gram as a design tool for comparing various mirror designs or optimizing the parameters of a given

design.

Typical structures which might be used for an RLG magnetic mirror are:

A. An opaque magnetic metal film overcoated with a multilayer dielectric (MLD) stack.

B. A transparent non-metallic magnetic film, such as a garnet, on top of an MLD stack.

C. A partially transparent (very thin) magnetic metal film on top of an MLD stack.

We also discuss how the figure of merit FM, which we define as

FM - 4/(1 - Reflectivity) (25)

is affected by the design parameters.

*i In order to make things definite we assume that the dielectric stack is made up of layers of SiO 2

with a real index of refraction n(SiO 2) - 1.457 and ZnS with n(ZnS) - 2.355. We ignore the small

changes in n(SiO2) and n(ZnS) between X - 0.63 Lm and 1.15 m, since the resuts are rather insen-

sitive to these changes, especially if the layers have fixed phase thicknesses as is true for much of the

MLD stack. We also take 0inIi, - 30° and use the values of n, k, Q1, and Q2 in Table VIII for the

magnetic layer under study. We now discuss the above cases in some detail.

20
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Table VIII. Parameters of Magnetic Materials Used in
Multilayer Mirror Calculations

Material X LM) n k Qt Q2 Ref.

Fe 1.15 3.7 5.1 0.053 -0.036 17

MnBi 0.63 2.7 3.0 -0.089 0.073 15

MG3 0.63 2.2 0.005 0.0038 0.0(?) 16

MG 3 - (Gd.PrBi) (Fe.Ga)s 012 with OF " 25,200 deg/cm and a - 41rk/
e.timated to be 1000 cm- 1.

A. MLD stack on top of an opaque magnetic film

The general form we take for this mirror is n (L - H) - M where L is a low index and H, a high

index dielectric and M is the opaque magnetic substrate. All the layers except that adjacent to M are

taken to have a phase thickness 40, - (21rnld, cos 9j/) - i/2 in order to maximize the MLD

reflectivity for the given oinitial. We have examined cases with an odd number of dielectric layers and

the results are qualitatively similar to those shown here. In this design, as the reflectivity is improved

by adding more layers, less and less light reaches the magnetic layer so that the differential phase shift

14D of the total structure is decreased.

Transverse case - Note that 40 depends on (a) the relative amplitudes of the electric vector for

the total light reflected from the mirror and that part of the electric vector of the light reflected from

the magnetic layer which reverses when the magnetization (and hence Q) reverses and b) the relative

phase between these two vectors. This point has been discussed before [Report No. 2, Chap. 111, Sect.

Macek [101 pointed out how one can tune the relative phase by adjusting the thickness of the

dielectric "tuning" layer next to the magnetic layer. (We recall that only a p.polarized beam has an

M-O0 effect for the transverse case so all results refer to the counterpropagating p-polarized beams.) To

illustrate this effect we assume that the mirror is 6(L - H) - Fe with the 1.15 $,m Fe parameters in

Table VIII.
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The dependence of 10, the p reflectivity R, and AR on the tuning layer thickness d1_1 is shown

in Figs. 3-5. (The notation /IK on a scale means the actual unit is 10-3 times that shown, for IE5 it is

10-5 times, etc.) Note that there is a "resonant" behavior in all these quantities when dm-a I 0.10 m.

Near this d_ 1 value the first few dielectric layers adjacent to the magnetic layer act like an impedance

transformer to couple the light efficiently into the lossy magnetic film. This means that the non-Q

dependent electric vector of the multiply-reflected beam from the magnetic layer adds out of phase with

that from the adjacent layers giving rise to the dip in R. The Q-dependent electric vector of the

multiply-reflected magnetic-layer beam has a different phase associated with it and hence gives rise to

the enhancement and rapid variation of A4 and AR for du-1 near 0.1 1&m. Note that A4 is maximized

at nearly the same d- 1 value for which AR is zero as anticipated by the simple analysis [Report No. 2,

pp. 9-111 [21 which neglects multiple reflection effects. The variation of the figure of merit with d-,

is shown in Fig. 6.

By examining such results for mirrors with different numbers of layers in the MLD stack one can

find how (W)m.. varies with the corresponding total mirror loss (1 - R). The results are shown in

Fig. 7 where (A$)m, 1 is clearly proportional to the mirror loss. Thus (AO),/ (l - R) is a constant for

a given magnetic material (and 0, nL, n,1 ), independent of the details of the MLD design and hence

serves as a useful figure of merit to characterize the magneto-optical materials used as opaque sub-

strates. This type of analysis was used in Fig. 9 of Report No. 2 [21.

Poar case - The same type of calculations presented for the transverse case were repeated for

the polar casc using the same mirror. In addition, the mode mixing ER [see Eq. (19a)] was calculated.

Remember that in the polar case A0 and AR refer to the difference between incoming RCP and LCP

beams. The behavior of R is so similar to Fig. 4 that it is n6t plotted. The other results are shown in

Figs. 8-11. The qualitative features of A4 and AR as a function of the dw_ also resemble the

transverse case. However. we wish to draw attention to the fact that one obtains a much larger

differential phase shift (and AR) in the polar case even for the same magnetic metal, (cf., Figs. 3 and 8
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and Figs. 5 and 9). There is a corresponding increase in FM. The mode mixing ER in Fig. I 1 is an

optical (not a magneto-optical) effect. For the case shown here the amplitude of the "wrong" electric

vector is 2.5% that of the correct one at m.

Finally, to illustrate what can be accomplished with an opaque polar Kerr mirror based on MnBi

we show Figs. 12 and 13. Note that because MnBi has its magnetization normal to the plane of the film

(if properly constructed), it is well suited for polar Kerr use. Actually Fe, which was shown in the pre-

vious example, is not suitable for use in the polar mode since the shape anisotropy causes its magnetiza-

tion to lie in the plane of the film.

B. *Transparent" magnetic film on top of an MLD stack

In this case we take the general form of the mirror to be M- n(L - I). Also we take 0 -r/2

for all the dielectric layers so as to maximize the reflectivity. In contrast to case A, in this design all of

the light impinging on the mirror reaches the magnetic layer. As a result, A4 stays constant as one

adds more layers to the MLD stack. By the designation "transparent," we mean that kW < < nM for

the magnetic film. In general, there is some optical loss in this film and, especially at 0.63 A&m, this

may be the limiting factor in the performance of the mirror.

The idea of using combinations of "transparent" magnetic layers and MLD stacks as biasing ele-

ments in ring laser gyros has been advanced earlier [5,12]. Here we merely show the capabilities of

MOFILM for handing such designs and illustrate some of the general features of their behavior. For

the magnetic layer we take Bi-doped garnet MG3 shown in Table VIII for 0.63 Am and, in contrast to

case A, we vary the thickness of this layer to properly phase match the Kerr reflections at its front and

back surfaces. Since it is likely that magnetic garnets will be grown by liquid phase epitaxy on a sub-

strate of GGG (gadolinium gallium garnet), we assume that the incoming light beam is traveling in a

medium having the real index of refraction of GGG, viz n(GGG) - 1.95.
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7anmrse case - To allow easy comparison with case A the mirror stack is taken to be MG3 -

6(L - H). Results for AO, R, AR and FM are shown in Figs. 14-17, respectively. In contrast to case

A, these quantities are slowly varying functions of the thickness varied (dM in this case). The

differential phase shift for p-polarized light is maximized when the effective optical thickness is nearly

X/4. The slow decrease in R with increasing 4w is due to the non-trivial value of k (corresponding to

an optical absorption coefficient a - 1000 cm-'). At X - 1.15 j, m, magneto-optic garnets exist with k

small enough to be negligible. The differential reflectivity AR is very small for the case shown here

with Q2 - 0. If one allows Q2 to be of the same order of magnitude as Q1, then AR increases by a

large amount (see Fig. 18). In fact, to a good approximation for magnetic materials with k < < n, we

find 40 is proportional to Q, while AR is proportional to Q2. Furthermore, AR peaks at the same

value of dm as does A0 if Q2 is significant.

Although we plot FM vs dM in Fig. 17, we wish to emphasize that AO/(I - R) is not such a good

figure of merit in the case where one has a "transparent" magnetic overlayer on a MLD stack. Since

10 remains constant when more layers are added to the MLD while the reflectivity increases,

410( - R) is a function of the number of layers. Nevertheless, one sees that the phase shift per unit

loss is much larger for the garnet mirror shown here than for the Fe-based mirror in case A. (If we

were to compare both mirrors at 0.63 jsm, the difference would be even more marked.) If k is large

enough (as it is at 0.63 gm), then A /(1 - R) - FMdoes acquire a limiting value ,-'hen more bilayers

are added to the stack and its usefulness as a true figure of merit is restored.

Polar case - The results of calculations for a similar 0.63 /tm mirror operating in the polar mode

are given in Figs. 19-21. Again all the calculated quantities are slowly varying functions of dM. Perhaps

the most surprising result is the fact that, in contrast to case A, (A0 )max is about the same size for both

.i the polar and transverse Kerr effects (cf., Figs. 14 and 19). We point out that in the polar and longitu-

dinal Kerr modes MOFILM takes into account the Faraday rotation in the magnetic film.
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C. Very thin absorbing magnetic film on an MLD stack

This case is an extension of case B to the region where k is comparable to n. This allows one to

investigate the effect of Faraday rotation and the Kerr reflection from the back surface of a metallic

magnetic film. The mirror structure is Fe - 6(L - H) and the thickness of the magnetic layer is var-

ried. The results for this case are given for a transverse mirror in Figs. 22-25. This is merely illustra-

tive of what can be accomplished with very thin magnetic films.

D. Comparisons and comments on the preceeding cases

A typical 40 cm perimeter ring laser gyro requires a bias frequency of 50 kHz or more to prevent

lock-in and obtain a constant scale factor. This implies that the differential phase shift between the

similar counterpropagating beams must be > 0.4 mrad (0.023 deg). Typically one requires optical

losses 4 5% at 1.15 Am and < 1-2% at 0.63 im. The required characteristics of a magnetic-dielectric

mirror structure for RLG use are thus:

1) Ab > 0.4 mrad

8 mrad 1.15Am
2) FM > 120-40 mrad 0.63 Am

3) No insuperable manufacturing problems.

Figure of merit values for a number of mirror designs operating in either the transverse or the polar

mode at both 0.63 Am and 1.15 jim are given in Table IX. This table is taken from the recent review

[31 of applications of magneto-optics in ring laser gyroscopes.

As yet no magnetic alloy suitable for use in a transverse Kerr M-0 mirror has been found whose

magneto-optical performance significantly exceeds that of pure Fe [3,131. Table IX indicates that such

a Fe-based mirror is barely adequate at 1.15 Am while it would not satisfy requirement 2) at 0.63 Am.

On the other hand, MnBi operating in a polar mode easily meets these requirements at 0.63 Am.

Although we do not have index and magneto-optical coefficient data on MnBi at 1.15 JAm, it is likely to
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Table IX. Magneto-optical Figure of Merit for Magnetic
Metal and Garnet Based Mirrors

Mirror Design Mode AO/ (opt. loss) X, (I m)

MLD on Fe Trans. 10 1.15

MG4 on MLD Trans. >400 1.15

MG4 on MLD Polar > 300 1.15

MLD on Fe Trans. 6 0.63

MLD on MnBi Polar >85 0.63

MG3 on MLD Trans. 230 0.63

MG3 on MLD Polar 210 0.63

MG4, (n - 2.19, k - 1 x 10- 4 , O- 1700 deg/cm) MG3, see
Table VIII.

work well at that wavelength also. The principal problem with MnBi-based RLG mirrors would seem to

be the manufacture of films which actually meet the calculated performance. This is clear from a litera-

ture review of the optical and magneto-optical properties as well as the physical structure of MnBi thin

films 114,15].

One other problem with the metallic-based mirrors is the fact that AO is such a strongly varying

function of d-. To achieve AR - 0 and ,1 - (Ab)mx means that 4w-, must be held to tolerances

of roughly 50-100 A if one operates in the neighborhood of the "resonance." One can try to get around

this problem by operating away from the "resonance* with a smaller number of layers in the MLD stack

I .1 to increase .10. Such an approach allows Fe at 1.15 jsm to remain marginally useful but does get

around the thickness tolerance problem for MnBi-based mirrors (see Figs. 19 and 21).

The garnet-based mirrors do not have this problem because of their slow variation of 10 with dw.

4 Funhermc -e, their figure of merit values as indicated in Table IX are more than adequate. Their prin-

cipal difficulties are attaining an adequate 10 and the fact that the AR peak occurs at the same dv for
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which 10 is maximized. Although there exist actual garnets (for transverse Kerr mode operation)

which have acceptable 40 values, there is little or nothing known about their Q2 values and the conse-

quent AR's. For the garnet-based transverse Kerr mirrors of Table IX the Am, values are 0.8 and 2.6

mrad at 1.15 and 0.63 Mtm, respectively and hence are adequate.

* IThe above considerations indicate that garnet-based mirrors represent a good approach to mag-

* netic biasing for ring laser gyros. However, the good performance of MnBi in the polar Kerr mode at

0.63 gm means that it is a viable alternative for constructing such mirrors. For the magnetic garnets it

is desirable to develop materials with the largest Faraday rotation possible at the wavelength of interest

while keeping k and Q2 as small as possible. Previous materials characterization work [161 has indi-

cated that variants of yttrium iron garnet (MiG, Y3Fe5O12) which contain significant amounts of Bi and

Pr plus Yb and/or Gd as dopants have achieved the largest Faraday rotations consistent with low k. It is

important to characterize the Q2 values of such garnets but no data on this exists to our knowledge.

.2I
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APPENDIX

In this Appendix we give the computer listing of program MOFILM as well as those of the sub-

routines MOIN, MODIEL, MOMPL, MOMT, MOOUT and MOPLOT. These routines are supported

by certain matrix routines which are not listed here but whose functions are defined in Chapter III.

Likewis,. MOPLOT is supported by a number of subroutines which perform scaling, labelling, tick

mark, etc. functions involved in making the actual plots of the computer calculations. It is anticipated

that local versions of MOPLOT will probably be written to suit local variations in handling plots.

A study of these listings together with their functional descriptions given in Chapter III and the

COMMENTS and TYPE statements imbedded in the listings should give the reader a fairly detailed

understanding of the overall program and permit him to make alternations which may better suit his

own situation. In the final analysis all of the useful optical and magneto-optical information about a

given magnetic-dielectric multilayer structure is contained in the complex components of the scattering

matrix(S) and hence any useful parameter describing the behavior of the structure can be obtained

from (S). This includes the transmission and Faraday rotation properties which are not discussed in

detail here but which are given in Table VII.

The various input parameters and the calling parameters for the various subroutines are given in

Chapter III. Most of the transfer of information among the subroutines and between the subroutines

I and the main program are c, rried out via COMMON statements.
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Cf)LL C1.L1 C L.r) DR 2r40
C LL C.1) SP,2, 4 !7O
.) LNNL ,,Q O CCL DS L '.: C L. S.,R42 !,:4"

IF*M .E1Q 230 TO 30')
I Ii IN

IF NNF IL EC. ) JF . >.-:f- 1
.'O4 JT N6-1

J F: ( J F'I.. 6

(I'L C ',.. TE FRONT STriCK
c Lt.. MO D.I E L 1::!pF 1:.
C.AL L ICMP N 111 C:. .,SI -4 v. 4, , .p P
C ALL CMCPY SD, S4 :, 4 -)

F ( NOTKNF IL EQ. 4 ,AN D.N NF.IL E. 0 *AN D*J F 4.-E + (-2 A N. OM '3E 4
I GO TO 4

A L ... CMCPY K Si-' DI.T 4 , 4

• , C ONTV 1 iE

.IF, .-NF i -:() Cf3O TO 102
CHlE K F 0iP R L AR1;0 -A T''C)N
!'F H.. ," r' 10 .' 3 C- I. 1
- " 2 .i.:I.ipI C . NET 1 K:tC I iAYER FOR POi.L:,pR !;*, c.t i [, . $i, R. nL T MS
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C L . UMY: r SP 4 24 u

C LL CMF'RE' S!' 0:1 4 v' 4 ?0 r 0 p 4
Ir N wtl M F STF. MY SO TO 10 2
1EF NN11F I L NE (3 0) 'OTO 10 5

*'.L CMF'RDY(SF'9ffv,84,40,,

GO TO :M)
Gb' AL. CMOFY (89 SF! 4 4 v

(,;L.'It L.i - ( S -Rl Y 4 ?.4 , 0)
c::A!L. L CSEVCL.) ( s -,-Ri 490)
fff) V() .JF"M+2pr4NF+l

CA.LUATfE BfACK STrACK
CA)LL1 MO.DIEL.( JF*,D,.P)
CALLC RV(,1,D4400 )

5k)CALL CMFRD Y( SF9 80',4 49 919 4

CAL0 C MC' ( SE' I2 949490

0fUT'PVT FOR P.OL AR AND LONG I TLJIINAL FOL. t)R IZ tA'T f OH1S
CL L MOOUT (2 N

TO'. 10

2L CU LA TFE M AG(3NETl IC LA Y E R F'OR 'TRFAN1S,3V E RSE PO-0LA I)T 1AT IN
' CALL MOM(MrM-i 9DM)

CA L L. CMF'RD (S11 El 1 S 4 y4! 0 0k)! 4)I Ci.,L.L CMCR-Y (SF 9!4 ' 4,0 ).
M NN) F . E U. I1 .'O T0 3 02

CA f) MOMT(M!,M-fI .D ( M+1 )I
CILL C MFRET S~I(SF,D19,44,00,4)

MO IF ( NF 5*T 4 ) ) SO TO 302
CfL .C-MCPY( 9D SF!. 4 ' 4 9 0

IF'NNFL.N GO M~j( 110
.,A LL (CHOP 51 ' :f 9 3 4 ' FI 4
c CA LL CMPRDS,2T, 4s-4 09-09 4)
911. TO 46

V' , CLL! CmC PYS GT,4,4 -0,

CI..L C S CL. j-S"RD1 rRIr4 4f,0
CAoL L CSPC LA (ff , R'24,440)
CAL0 .. cot 05'2

CALCULVE ACK STFACK' FOR TRNVREPOLAR I Z. T ION

L.LS f)1DIE L JF Y D"4;*
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:' T' L N ECALL [ALFR Ll D 2T. . SD S p 4 s 4 v 0Y0,4 )

F(N OTF(NfIL EQ. 4. AND NNFIL EU 0).N GLO TO' 46
CALL CMCPY(S DB2T4,4,4,0)
NNFIL=-2

4 ib CA-LL CMCPY (SPSD,4,4 0)
0 OUTPUT FOR TRANSVERSE POLAR IZATION
02 ) CALL M(OT(3, IN)

I F (iN .E ) GO TO 305
CCNTNUl N u I
ICD, L. ) :GM1j j

I:F' NTIH L.T 0) G30 TO 2
I NF COOT E :1.) GO TO '21

0 .LT Q 'OR VARfI ABLE E
CAL.L. m OPLOT ( NLT.. Py MTH 1 , L.. DEL M D

2:1 CALL CLEAR
I HE TA THETA + DTH

IF MNTH GT. 0) (3() TO 52
I MNOOT * EU +1) (30 TO 51.

Cj LO FOR VARIABLE IHETA
CALL LOPL 0 Cr NILTP NTH. 2,0'- TIHO)

5.1. I:Ai.!_CLEAR
52N N=::

MO t ; N E UT'
GO TO 15C

To 11,.A)

SUBEIOUT INE MO IN (NN)
'2 THIS SUBROUTINE ACCEPTS IPUT

COMPLEX P NM
,YTE YAL
REAL LAMBDA, N

"- REAI. 1)[ENT C5)
I MENS ION N( 30 .0(30) .C ITf ) I .130)

COtM ON M 0 Il!L..a)M 1 iA, N C H i f!i ]Di D 1ENT .T PL.T
OMMON.'i NO T,.N DF , M :, L( - o TN H 1-THO!, THE iA f , H - M' EL I

INO)UT NL VP

F* IN E.* . G0 TO 15
TEENTER ! AT( iA OR JUST CHANGE OUTPUT'IT

L :!,,;' C'LL :.LEAR

TYPE . .. ,' ALL I NPUT. E XCEPT FOR ALPHA\UMERIC j; ACCEPTED
fi " - if i T O LRS T C"I;RE CT E .D .. T rTE M E NT

TF RE E T RN R ULJN I T' TYPEY - IF N. &R C R.)

*1.. '::, ;' . , " " ., G " "' 5

FE 4 , f FE ;'N IDENT IF: CAT .[ ON O(UP TO 32 CHARACTERS
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5THE NUMBER OF LAYERS (NF) IN THE GENE:AL CONF]:GURt-)TION

T'Y : f- S AFRANC'ED AS F'OLLOWS'
rF , AMBIENT(1)

TYP E:, DIELECTRIC I...AYERS
F' MA3NET .1( LAYERS

I : ., DIELECTRIC LAYERS'
T"" P AMBIENT ( NF") '
r P- F." f )NE OR MORE OF THESE MAY BE- OMI T EnD, EXCEI:'T THAT"

I. : THE TERMINATI NG LAYERS MUST BE AMBIENT, I .E. OPAQUE
f YPE I(.- OR TRANSPARIENT (NO LIGHf SCATTEREiFD BACK INTO SYSTEM).

TPYE N F !: N0 OF F 'I L iS ( NF := O ES CiAPE
T YP E *,' M:= MAGNETIC FILM NUMBER (M . IF NO MAGNETIC FILM)

F PE *, ILAMBDA WAVELENGTH (MICRONS)
FY'l :F. NM COMPLEX REFRACTIVE INDEX OF MAGNETIC LAYER'
TYPE Q u: COPI... EX M-O COEFF I C..ENT

'r"PE : ' T YIE N F M , L. A M. I A N'( ( 01. :.
f.CE.F T : NF- MO , I.. AMBDA !, NM .p
F M 'F:O. RETURN

'2" lYFE :P * N(r) = I TH REFRACT]:VE INDEX (NOT ITIH LAYER)
TYPE * NN NO,, OF LAYERS HAYING THAf ]:Nf]EX
TYPE , I(1) I ( NN) 1LAYERS HFY* ING THAT INDEX"
TY F, i:: * " TYPE: NN,N ( f) (1' .... i(N )
TYPE * (T: ES'CAPE L.OO PT Y F'E i(CR
N , MO ):REAL ( Nil)

1 2 ACCEPT* I,, EF" ((J , J :LIJ
[F(T. KECL') GO TO 11
r:1 5 p: , 2 J
N(fI (.J) )::.REF

C-! T"O 1."2
:[ C I- f4i',HT , U E

IF'(NN.Efl()) GO TO 10
TYPE *, "IF YOU WISH To KEEP FRESENT VALUES OF THICNES"SES
TYPE :, TYPE Y"
ACCEPT 1 '" YAL
I Fr(fAI ..... E0 . ,Y' ) GO TO 20

T'YPE l HI- FHASE.' TICI NESS OF A LAYIR IS JE5 IMED
p* : ) ...M , M I *C ( THETA ,T "

L: T H! J E- 7 f) 1: TH,' E ': F QC) Tfl I G A f N )' ,f RE CT..r
f T'! : T E " '':-J,, ES3 . .. OF EACH LAYER IS CALCLLA TED AS C, . .

IF YO-U'I WISH T0 CHANGE THE D S
FY F k (r. 0 r * F NTRY RE KIUI.TRED FC .R kMRIAE;LE I..YE ' .T THI T

IN .
P " ENT-.::E'.EJ :I N 0HASF T HICKNFT

:.!.,> . ::iz ' .[ ) =: [: ' NE<S. C?.F .!TH LA_,:', . ..:F , ' ' W : C

-: li-I , " ... [E '' .. .AYE S H,-'.' [N1 THt:, . T .!.L;, I
'J 1 ', F'" E N !I " f ' . ' ," t ' *" f :, .
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:" N.OT R.E.U.I E F' F AM) F iT OF: VA-,* n b .If. R:. . . I Y F.. S
A FF- I(. E C PP, T YPE . .. R

..I . [ DTEM P (I: (J .)j:=:I,"J
I F EC,'. ) o 0 TO 2

[ (l:F)

N T R! .. . E.. f.,...Tfp
" O ENEE iiFl1'IN M C3ONS

li.) !"') 5.2

Y) .-L. CI F IAR
Y! ! PE [.* . NTl f 1-.4 ::-1\ F VAf)IL!UES 0 F THEl ..TiA

F T E :-," THE A . , ::N[TI1.L U 1'--L OF A N(Gi1,.E (OF N CT EI 1CE
TYPE >.,' [ :- . N INC RE MENTA I VALUE"

. .YF : L:=LA YER TO B: VAR[E)' IN THICKNESS M+:1I., M, OR M1
TYFE : i T Fl N:: , 0 0 F VALJES OF L LAYER T1 H ICKNESSES"
T ' :, * 'Y!::' NITH THETAv TH , IMTH

f if 1.H. T THET r .- H f .L, MvVH

" ':* i ' I L "i' TCIK ESS OF F. AYUSUA.LLY F L , U .J .LY F F T Y '

TYP Ii, tOL I..' [F. L TH4fFCKMNES S OF L".TYE :I TM F1HA.E H ICKNESSS"
"K" PEA:. 1 ... ! C RO S

SFYE *, \E NIE: S tiVF"
1.5 - Ey * . i o TN [., I: 0OR p: T EI 0U F I

13:1 (" ' -k i 50tH. 'H ':. Y E :*, y Fo; I~P .: F"UTPUT" CR N

'Y FE * 0 0 T!O BEG INNING OF IN 0-'.T
CYPE P N I HT C 1) LO fIT. 0 AL ASE"
!"P  21 FO:R POLF: S C TCASE

I it. : . "'0 SUPPRESS [ATE ON GRAPH CAPT ON

,"PE F . T' E Oi2!Uf)",:S VP" F O RETURN I.::* T C fF U T

'"I O's~~~~if':~ 1 1
C P T) 0 L ': ' UT v, N[L TP, OT

4 EI .',':: i O !-tiLO.. ii M H-i. )
. HI ,O 0 S UE0. )) F TO 1.50

VP=,! y 1-N !: N T PI FLC

T:; '?.': k )C. 0 '1*;.) L
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SLJBFRJU TI NE MOE' £EL(Kri*
DIMtENSION Oi1(4? 4.' *r30)*C:T,30c:
IMPLICIT REA)L kN,
REAL LAM1,11A
COMPLEX XPOvPRJHn,.tM iTi
COMMON/DILMDH £'(3)N/LTVFt'TSK ) YSf

NCI1L=N( K-I) *CT(K1-I)
N(C2.2=N(K)*C',T(I )
HC.2i=N(K ) *CT( K-iL)

CX= (0. r1 .) )kF'HI
PRP:F-C EXP F'(CX )
FPROPN1= C E XP ' - CX)
RPP'F=(N C 21-NC2)/N C 21+ N C:12
R S5S N MC I I - N C.2 2 N C 11 N C 2)
T FPF:=N (K(-1I ) *c ( 1 . + R PP bN K1%
TS3=1 *+RSS

CALL (:SCI A K (D:[yR194r4!k)

1:11. (:1~ 1 :ppnp0 F/T Pp'

Dl 2 1 l ()3 -P/''RF T S
T.12 2) 4PPOF/T * SS,,

Dl(3 :1 ) =RO P* RPP*/'T F'
D) 1 S3 3) :4R-.O q/ T PP
fit 4~ 2) PFj 0jj*FRS S/T3
DI) 4 4)PR ::FJ'l/TS S
RE TURN

TIS SU~~BROUTIN CACUAT SCATTERINGf.FTRICE:S POR POLAR :10P

.1 '..Lx:YER NI IS BEFORE (JR AFTER THE'. MAGNET IC LAE UPN R
*RES PECfT 1 YE L Y

m ~E N, I ONC MF (3 0 i ('K 3K) 0 ST ": 3K)
IF'l- IT F( CMFL. EX i R~i
m iE5FC:AS J0N IkF'P ( 2 y R S 3 217TP ( 2):x' - P 2? ; 0 9i .Q ' 3 :0 p F P 4 v': 2)

REL A1 A NPFr .S, r

M il f)r1 :l,HC2,rC f A>( M I 1 N MN GIN, 9ENF K I T - IN ' FM

NCM2-NMA NP '-

'''..:. ., *HHF36



NRL MEMORANDUM REPORT 4364

SM.:::r'I( ) EUNM*1*1UM ( LM ) I BE

F F" F' ( CX)

[( i30-M ) 5 .L 10

5K I =2-.,
CO0 TO 15

SL S, K I )::: 1R S
ITT !, )(N l.....FT. . NCM H D+NCM22
TF'P ((K1 ) 2:-N MBl ). ( 1 ++RF' P ,(IN.D. ) !NP

TS' S(1<! -I'RBS K(1 1
1FF' (N NM* ..:RP I -P'F (119 N)M
RSIS (N'2 =-RSS (I.

R P I 1 ) -0. 0 3
IF'NPLE lEU) -1) GO TO I
IF(CTWHIA ,.Etb 04,) 0O TO 2
RSFPC KI " :=(0 , 25 ) *0,I [PP Ni * 1 : . (I) .*N M.. ,, C1 Tff 9: M " T N ( jii

GO TO 2
* .,. F~'S .[CP sFSI F' 0

FPS I:::PS I )* STMiCT H

IF(CE(MW.~E-1E-OC ) G0 TO 2
, RSPF'!)=(0'', 25) **T1FF'( Ni! *T1SS(NK1) *S1(10 7K" MD IHB:';3CTM

R (SF' (01I' TR-P FPS) P .S
FS CI"IK I *~L(i

IFS K1N =N(nD)/NM ):(I -NF'L*(2.*( '1*1T M, '. ' (N )) *P' (N 1)
1r-UF' F' TPP ' -1) T * FPS K I.kEI.", P. S ( K I
TA)USS= 'T SS ( K?)*2SF'(N1 )-RSS 12\ ) *RSP' ( I)
?EL PP I -RPP (N2)*,2
.1 Ef7L SS.=.I. .-RS S (K'2) * 2

IF (MD-) 2 0 2, 25
20 PS i,::P'SI

F' SI IE l N F; [3)

RCS=CCOS PSTf'O)

I 25PS.'=F., C "3, ,1

1i' !. F( CI S. 3, F' R:R S P F'./- P F .F' "T p,::. L

EM30 FE ) =RSP0TP (

, E M 1 : 1. 4 : C S :x F , R P N R P ' ..F , T I::. F ,. 2
EM .( , .' F":, .F'R P . : ,

~~EH il 1 : 4 *": .::RC: P R F,".L IN *1 F P S .

E .1. d

A. , a 4 ffU M 1 A'

rF M- 3 .' 35, '

' " :: ,r '' t.' T F' , ..

" 2 1*1 ) -T S. t .,
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ill 1(1 4): ( RCS: C TO P 1::, 1:: ) V 3(2; --RF' (2. -*PSr/T p .2 ):jFp~

TI)P .. CS*(TP(2+TS3 (2) : F PS ( (2'PSSI

EM!(. 3 -rRPN* TOP/ ( TPP 7) tTSS
EM! 1, ... PRPF*RSS C 2) KES TS ''2'

T T P PSI -TSP (2) F:RCS
EM. 'I.( .p.:: =P P *"~ ( P (2'*T !C'(2 )

0O f 5
40 EM!1(1 , 2 *- =-i\!L*PFRP*TAnURi OI BESeTF i." 2

EM1 1 4 -!PL*PRPN*RS (2) * :: F'Pi ('5L85* F, 2 
EM 1 N 2 Pl (FRP* TAUSS , (EL ,'*TSS (2 ,
EM' 2,3 . L. *P 'N*RPP 2 ) T AUS3 (ELPPu FTSS ,rs
EM I (,)N L .PRP*5 K 1) / (LLSS, T:p:, (2)
EM 1 ." 4 .:' *PRfAN*RPS K I. *Fl'SS Y' Fz- 2 )

E j i v31,, 1 N L rk RP R F F % S P L , OIELF F, T 13 , 2)

"EURiN)

SUJBROUTINE MOMTKMMD ' ,p
.THT S U:3 R 0 UT..i: NE C [,.4L.CUL ATES 5(7 .3 ;'Nf G MT G RIA T ES F OR T HANS tRSE

POLAR I ZATI ON
Dl MENS ION CT(30) N ( 30) fST (30)
IMPLICIT CCOMPLEX (FP,:R.T)
DEIMEN,.S I ON RpEp ( ') .. RSS (2) :<TFP:'( 2>TSS(. 2).

REAL LAM3I)A , N fP I
C O M Fl-I , M 11.- M22 1 NC M2 I NM CTM, EM! 4 4 b CX BRA :, ' T
OMM H ( D1 H TIjL ' inBLAM BA. N ,0 DUM3 ). ), NM./ .TF L. f .. 1. .. T.ST CT M STM

NCDtl 2::fN (M')*:.CTM
NCM1 -NK ME) *CT MD)

N C 2'NM.*CTM
NCM2I1"M' r (MD)
PHI X2 LD*N K.MD .tT K >(I )B ' .TL A( BiN o

P1 ii' I1 i PHv ~~: T' , I: ~rK#~cI r.'ill&
M E 0. , K - PH

IRFN:.'. FA' ( -C1)

BRA ., .I.A G .R .S1TM.''TM

38



NRL MEMORANDUM REPORT 4364

S (I1) =( NCM 1 :-Ng22'/.,NCM L 1+NCM2. )
TP I )::(N MD) 1 ,," . +RFP K . .,NM
TSS(KI)=I .+ RS9S3( KI

RFT(K*2) ( BRA*NCM 12-NCM2 1)/ ( NCM2 1 +NCM 1:: ( 2,) -BRA

RSS(2) =-RSS(KI )
TPP(K2):=NM* ( I +RPP (+R 2) )/N (ME')
TSS(IK2)=: *-RSS( K)
R 1:=0 7 0( ~.
CALL CSCLA(EM1, RI1 ,4,4r0)
EM1(1)=PRP'TE(1) P*TFP (2 )X-R F(1) *RFE( 2 F F 2

EM! K 1 ;3) =PRPN*RPP ( 2) TPP
EM P)i / TSS()
EMI . 4) PN*RSS (2) T 2

EM! (3 1 -RP*RPP (1 ) TPP(2)
EM! (3,3) ? PRPN/TP 2)
EMI (4, 2) =PRP*RSS (2)/TS (.2)

EMI (4 p4) =F'RPFN/TS (2)
RETURN
END

UBRT INE TOOUT (NENT N.)
:HS SUBROJUT I NE CA[.CUL.ATES DES IRED IUANTITI ES FROM SnC ATER I NG
rtIATRlXx ALSO CON TROLS PR NT-O.T
I MPL ICIT COMP1E' R)
COMPIl.EX S(4: 4. NM .ZI P (4.4) .. 2'T 44) . P(4.4). 1:D44) ,:Z
REAL LAMBDA N R 3) RRLP2 v. RPPT2, RPPP2, RN2, NMl NM2
REAI- *DENT ( POL (3)
(. imENS ION DK3) 0 'T 3 0) ,CT( 0) ( 3 T(3)l ..- RAY j A.- <l )

CIMENS I ON RPP ( 1 01. RPS ( 101 ) W' RSF". 01 , RS 01 ) , RRLP2 I( 01)
LP HI P (10! ) 1 EP'S( I REFL.. 101) RPPT2( I ('PH IT (101 ) DELRP (1 01 
2 RP PP" 1.0 F, P, P- N :1 101)

LONG T f.,) ,' 'OL AR i
nATA uhRA~i"u) A":,"G : ","MU)",7"'.<M- ,"I' ' MU)",

. [.THET''A (D ME' "DKM+'1) K,>"MUj
-IiM MCtN CT .. .m i N ,- ,!,NMiPLTF'RLUM 4,. ',T STv CTM S TM

l Lg0THf T H[ H E NO.T-NI 7 ) Elm T H fTHEIA .."E ELMl) .O 0 L. F

: R I E i-9 C!.:' P PI.: , , F: ' P ESE.T ,:, . FLdT::'2 .. S ., F ' ll)

0 F- J,. 1 (,lFEE :,..H f ' i: :1. . , ELR S II. , E L F > P I

* .G; IC ( 23) N 'ENT!

r! U ATA

': FI ,: Z ' ;> E '' ( 'REAL ..Z
' F,.. ZO I i., E, .

.1I f-) C3 E :)I... e. 7-
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CflLL.T[-*. 'p2'-) vA./(OF)//0 . ., ) ( .t. K , D EN F
F I t F./"/// D'TE . / ,. 2f;. T J1XE SIM/A)

FR'N E 3() ."I.ITY.Ti 45 J [lNvI. MBIJ (

.t F (J E . A RND F.. NEL ) FR.fNT 4 0, J, N , H M 2. D J L I' Is

.'F'(J.i.E.,LQ.AND.J..f).ENT9" J E L ) FPR.[NT" 4fl,..J 'Nill ",NM'2 D(J.' d',.MrX

r F' , E L A 2 t ' . J E M P R :[ J N . U J

mN " I"I= M F H - "r

', 1 L [I. x H : L0=::.

I . ..

F iJ 1. I F' MNL.Y OL. 'f L M f I:F' :.3
F"WQU .. .E .., N X P 2

N X: +': H::.I - X D ')

pI: ':TrL:; N :IF' ONLY Ci.F;.APH[t'C.'.S FRIE.O..ESTED
[F,,i,. () UT ,.E R! E, T. U.: R R T N

IF ( -- NF I-* E .,:) G0 rO 8
1! :" ( NI. TF' .:. Eo * " ) (30 T 0
FR .i:NT .,. , ( .CFAY( ,PA , J J6XJ T NXD "2
F I. M" T I .0
ttE T U. R N',

F '[ N'F . 0() ( LRA Y J . J=I!X D'' N X DT 2
P L! "" IR fl

1 ::!' 
' 

V 7 [ I...E

I ... : :' ::':J'' R + !"

I t-' 40

' , , ,.. ,..,j.,

A . ... ' ...

.. . . . . . . ..V.. , , . : . . .: . ! . .. : . ? . -

:40
,---4 . - : '; '



NRL MEMORANDUM REPORT 4364

I I . -5, i P P+'2P P
F'l .:(4 5:'( R F.-R2P )skF. ::( * 5*(R M-R2M)
RI...R:K) 5, [( Ri M+R2 )i

GOTO 3'1 0

308 RR: I. ((i F- ZI*:(2M)
RRL :=5.. R I(RiM+ZI*R2F
RLR:::: 0) 5, ( 1M-Z I *R"P
IPLL=O. 5 (RIP+ZI*R2M)

3. 'K0 PR.I= CA fBS ( RRL) )**2
RI... R 2=-': ABS -RLR)) **2
R.P2 I := ( 0 .5*CA S K1 f, M) ) **
DPHI F J ) rF2 (RRL.) -F2( RLR
E.P. ,.) C t..:),BS ( RRR/RLR)
iRE FL J ) RLR2-RRL2)./RRLF2 (J)
IF NOT .EQ. :2) RETURN
PRI NT '1.20e, I (NXI1)RFRP(J).RPS(JtRSSJ...JR SRSP(J)
PRI NT 1300, RRLF2 P2)F IF .J )EPS J ) DREFI(.j )
RETURN

C OINT I NLE
C CALCLAt.. fTE OUTF'UT FOR TrIANSVERSE PO3ARIZA:ION
.(402 RN::S(4,4) *S (I .3)-.Sk 1 ,c4 *S (4,3)

RT:=S Z,3) ( 4 ,4)- (K3 4 ) :5K 4, 3)
.f F ((I- F) t) 21 ) E, ... QI
L .1 f E( 1) G() TO 303
.JA=JAR+t

RPP : I ) :R NiR/)

I H2
RETLJ P N
P... R F N J R) NRiA.

.3i.,4 CONTINUE

R FP2 K RCABS KRPPP (JF K 2
SF ,P:: ,: JCA SKFRPNT 2 P)) *.*2

P R [2, J R =0. ' F'F RF2+ RPFFN2)
"U ELP' :: RPP2-RFPPN2'..'RPPTf2"J)

lH I..-" =F2 K RPF P F -F2 (RFN ,J))
[F(KNOUY .E80 *2') RETURN

F *'[N 21',0 [i KNYU3,RFFF(J),RPPRN K ., PR 12 ':J J),-OFHIT 'J)- *.CEL..FF,.F* (UN -- 1 2 ,ETURN

•"IMn " TIETA N: T : (F1:1 *3 £1" LAMBA 6 J R J R T- CI .. ,.J

C FR M AT<5 X 'LA YER NO.', 3XREFRACTI E IDEX"i j.x "f4IC -ES(I mlTCF
•.A. FOiRM IA '. K: .,.E2, '1 3 MX. ,.I37,.1 'M]IN :': 4 j3X ,'MAX : F, .4

1 :C: .,.E2 3X,'N ,F , ' '"K F 6, 3,i3 X,F7 4 I6X '0 =

1. 4
' R : [2 .X,'N fH 2 ".F 3'1 2 X 'K . F,.3 ,3X, "I M!N 7::. .,F ,

.1X,. CHAX ." X F 7. , 4'

'* F'Ri- . "A I, K R ' 25X ' PS :25.X SS v25X - R FP''. " , :24", R-L REFL L6X 41:IEL T A 1:'H .R !R '',7 .

41



KREBS AND MAISCH

EP-'E ON Y "'OX P 'T'EL TA) REEL1 ( L.)')
0 FjPOi(<T I X' P' 3A4 P9X / RFPF" P 24X R RPF'N ' 16 6X/ F REfF-L

14 *X D E LTA P11 (RAD 'f 2 X E DE LT j:N.) p L '
F* 0 R;ilATr I~ X.. -' t- 'Xv4 2 E13i .5 'I 2 X)

1 00( FRM AT ( 20tX 4 E1.3.25 -±5 X
e. FOMA () T .X -FT 7 JS K"X 2(Eli3 5 2X) A3(E12..52X)

SLJEROUT I: NE OL.0KNMN LE. X
TN IS SUBR OUT I 'NE CONTROLS I HIE GRAPH I C.S fOU T P' ,,JT

(3 '51 M ES M AX I MUM O)F 1. 0K 0 N C FM ENTS COF V) A~ F-PTA H I.. E ,I 'r) Ek
D'I MENS ION fRRI- l2 ,,(LK:)1 ) DEN IP (101 FE.Ii.*.I-SRE' K 101 -) DRI'14EFL-' I1 )
1 ['T v:3 NY ( 9), P R (404 ) 9CAP]. (1VS) XRAi.Y (9)
PE:AL-*S I ['EN T ( 59) YYRA Y ( 18 )
COMMON /ARRF'LTr/RRLP2- '['F IF y EPSRF'p [R'Pl YM I N/I T [JENT T L J O

E Q UIVA LE N CE K PP R I ), RRLP I P~ 1)vCA P1K)1 '1D EHTK 1))
D)AT A XPRA Y /'D (M -''.) ('M) 1) 'KMA '(3) K M 'U FH E 'A (Li

I, 'Ff3E ) ."/
DATA YPAY/' P REL L D ELTA PENl' '- R RAE'- ' DEL A R E FL
1I FlI (U RE (0 / ' F MERIT y R: L REEFL ' y ' ' f,'EL P PH ' I -RE'-

EPS7'j28 V0 3 N [.*; L~>T A R E' 'L' 'F G URE 0' F M1ERI1,T'

.IFK(N .*EU. -1) N4=L
XMAX :=I 0I* (EL.X* K N-i ) +XNiN !
(30 fO (95dIO) NO
T. DPJ=KX MA X-XMIN'/10.
SCLRND 'IS LOCAL ROUT INE FORZ pFiJPUp INC OFF NUMBERS

MABE OMETTED
0X'2=SCLRND K DXP)

(30 T0 :15
10x F',2 X K .X .-. X M I H /

D X P'2:=SCL R N lD LX P2)
1MA X= X MlN+ 9 >*UX 1'2

IF (N *EQ. 0) ,Jf\AX::::-4

El 0j *2 Q J = ] M X

Iifl NXA N"+ --- -5I

fli] 40 1 -
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piF jV .E ,I :<) '3.,0 V 35

[ IN I I N+I
P:REVENTS SK'KEWS C:AUP-f:E BY IMPRECISION N RA TIS OF- 1 DIFFERENCES

IF (ABS ( MRR I:rNI -RR I MINI-:L) ) I. (10 .ABS (RR ( II:NI+i ) -RR( IMINI-i
I R F-RR ( I MI NI 0 .5: (RR ( I 1\11:NI +1! ).+ RR 'r ilINT.-. ,

5 YM I\1:::r=A [NE ( YM I N ,R ( I MI N+
25 MA YMAX:AMAX: ( YMAX RR ( IMIN+I
C SIZE IS LOCAL ROUTINE FOR CHOOSING SCALES

NEXT FOUR S TES MAY BE O I TTEC;
IF ( YMA .. NE :. y M'A'X:: S GN Y .YHI * : AE (13 YMAX )
I (, YM X LT.. L 0 1 ()AX ::L.
IF( YMIN NE. 0 ) MIN=S I GN 1(I YH IN k..1 ZEC AB9S f1 N.' ,
IF('tMIN . CT. 0) YMIN=O

EYP2:: (YMAX-YMIN)/i0
t IF(NOT* '( YMIN,,EQ .( .OR, YMAX. EFU, 0 IANB. Y) l NAX .NEi (-YMI N);

1 YP2 =AMAXI ( ABS ( YMAX ) ABS (YMIN ))/10
iYP:' 0 . 5*,Y -2

CALL SPLO ( 7 .00 .5, 75 * 25 XMAX Y. MAX XMI Y MI N
1.ALL X ' (O'

COLL A..'( .2)
CALL TICKStw ( Y,1 )

CA LL SCAL E (0 XPF2 1 Y P2
I F( PLT..0') 48 4 ,. 2 j

DCALL TITLE C CrP 49)
(O TO 52
CALL TITL.E CARl 40)

i;2 C LL XLABI (RAY (KX) .L :1 )
n LL Y' ABL C RAY (KY), NY ( 4TN-,J)
)00 30 I 1= PM

X: :-- " :1- ) : EL X +Y I N

IA L' ' P
AiL L S jPY~f- 1 L ' f a 0F'L'Y

(4 U S ~ - LOCAL ROUTINE FOR AVGOfiT'.. NOT C 1 IRiRMENTiL. PROBLEM

A LL AU S (10)
fLL A IPHA

• :"') \1 r ' 1.1E
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FIGURE CAPTIONS

Figure I - A general magnetic-dielectric multilayer thin film structure.

Figure 2 - Simplified flow diagram for program MOFILM.

Figure 3 - Differential phase shift vs tuning layer thickness d.- for the Fe-based mirror design

shown.

Figure 4 - Total reflectivity vs dM-, for the Fe-based design shown.

Figure 5 - Differential reflectivity vs du-, for the Fe-based design shown.

Figure 6 - Figure of merit 40/(-R) vs du-, for the Fe-based design shown.

Figure 7 - Maximum phase shift vs optical loss for several Fe-based, transverse Kerr magnetic mirrors

at 0.63Mm.

Figure 8 - Differential phase shift vs dw- for the Fe-based design shown.

Figure 9 - Differential reflectivity vs d-I for the Fe-based design shown.

Figure 10 - Figure of merit vs df- for the Fe-based design shown.

Figure 11 - Mode mixing vs dM-I for the Fe-based design shown.

Figure 12 - Differential phase shift vs du-, for the MnBi-based design shown.

Figure 13 - Figure of merit vs d-, for the MnBi-based design shown.

Figure 14 - Differential phase shift vs the magnetic layer thickness d for the garnet-based design

Ishown.
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Figure 15 - Total reflectivity vs aW for the garnet-based design shown.

Figure 16 - Differential reflectivity vs d for the garnet-based design shown (Q2 - 0).

Figure 17 - Figure of merit vs du for the garnet-based design shown.

Figure 18 - Differential reflectivity vs dw for the garnet-based design shown (Q2 - Q,).

Figure 19 - Differential phase shift vs dM for the garnet-based design shown.

Figure 20 - Differential reflectivity vs d for the garnet-based design shown.

Figure 21 - Figure of merit vs du for the garnet-based design shown.

Figure 22 - Differential phase shift vs dM for the Fe-based design shown.

Figure 23 - Reflectivity vs dv for the Fe-based design shown.

Figure 24 - Differential reflectivity for the Fe-based design shown.

Figure 25 - Figure of merit vs dm for the Fe-based design shown.
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